In long distance water supply projects, the air vessel is an effective and reliable protection measure to control water hammer. Although it can effectively eliminate water hammer during the process of hydraulic transient, the volume of the traditional air vessel is large due to the long distance pipeline, resulting in high investment. In this paper, based on the analysis of the transient in long distance water supply pipelines, a protection method, combining the air vessel with the downstream valve, is proposed to reduce the volume of the air vessel, keeping the system pressure within the limit.
INTRODUCTION
In long distance water supply projects, the pipeline systems are traditionally protected by mounting surge tanks, air valves, air vessels or other protective devices which keep the pressure in the system from exceeding a specified value after any valve or pump operations (Stephenson ; Liu et al. ; Zhang et al. ) . Among these traditional protective devices, the surge tank is restricted greatly by topography; the poor exhaust performance of air valves leads to high internal pressures; air vessels are more preferable due to their flexibility in topography, good performance in water hammer protection and relatively low investment. Therefore, it is more convenient to use the air vessel as a protective device and its functionality is better (Chaudhry et al. ; Wang et al. ) . In this paper, the traditional air vessel protection measure coupled with a proper closure of the downstream valve is presented to reduce the volume of the air vessel in a water supply system. Besides, in order to avoid over-high pressure due to the closure of the downstream valve, another relatively small air vessel is installed at the downstream end, which can make the new measure more effective and reliable. The numerical model was established according to the parameters of a practical water supply project, and hydraulic transient due to pump trip was simulated.
The effect of the new measure was verified by numerical simulation, and the results can provide a reference for similar water supply projects.
COMBINED PROTECTION METHOD Feasibility and limitation
In a long distance water supply project, as shown in Figure 1 , the air vessel is a protection device that is often placed behind the check valve at the upstream end of the pipeline to reflect the water hammer due to pump trip. Usually, the pipeline of the water supply project is long and the water inertia is large. When pump trip happens, the pressure behind the pump will drop quickly, and the water hammer propagates to the pipeline, which may cause pipe break. Therefore, the water in the air vessel will flow into the pipeline to reflect the water hammer, stabilizing the pressure of the system. However, because of the long pipeline and large water inertia, the volume of the air vessel should be large enough to have sufficient water to flow into the pipeline.
Especially in cases where the water level difference between the upstream and downstream reservoirs is small and the pipeline is flat, it will take a long time to stop the flow in the pipe after pump trip, which means the water flows out of the air vessel into the pipe for a long time as well. Therefore, if the pipeline is relatively long, the volume of the air vessel should be accordingly large enough to prevent drainage, which will result in high investment. Otherwise, adverse effects can be caused, especially in 
CASE STUDY
The schematic diagram of a long distance water supply project in China is shown in Figure 2 , and the parameters of the system are listed in Table 1 
System without protection
Assume that there are no protection methods in this case. The discharge and pressure behind the pump begin to decrease after power failure, resulting in negative pressure behind the pump. The maximum and minimum pressure curves along the pipeline are shown in Figure 8 . Most of the minimum pressures along the pipeline are below vaporization pressure (À10 m) after power failure. Therefore, it is necessary to take protection measures to achieve the safe operation of the water supply system. Additionally, it should be noted that vaporization of water was neglected in the numerical simulation and that the pressures below À10 m are meant to indicate the severity of the pressure drop.
System with upstream air vessel method
As shown in Figure 1 , an air vessel is installed close to the outlet of the pump station at K0 þ 281 to relieve the negative water hammer due to pump trip. When the pump trip occurs, the upstream check valve is closed in 10 s, whereas the downstream valve does not take any action. The parameters of the air vessel were optimized by trials, and they are shown in Table 2 .
The variations of the water depth in the air vessel and variations of the pipe centerline pressure of the air vessel are shown in Figure 3 . When the pump fails, the pressure behind the pump begins to reduce, and the water hammer waves propagate through the pipeline. As a result, the water in the air vessel began to flow into the pipeline to mitigate the pressure drop. Then, both the water depth in the vessel and the bottom pressure of the vessel begin to decrease after power failure. Since the pipeline is long and flat, the momentum of the subsequent reverse flow is relatively low.
Consequently, the corresponding positive water hammer due to the reverse flow is not severe, which makes the water depth in the air vessel and the positive pressures along the pipeline far below the tolerable maximum values during the hydraulic transients. Therefore, it can be indicated that the most economical volume of the air vessel is mainly determined by the minimum water level in the air vessel as well as the minimum pressures along the pipeline, which means that a higher minimum water level in the vessel and higher minimum pressures along the pipeline will lead to a smaller volume of air vessel. Inspired by this, the artificial pressure difference along the pipeline can be introduced by closing the downstream valve after pump trip. In this way, the water depth in the vessel and the pressures along the pipeline can be increased to some extent so that the volume of air vessel can be reduced accordingly.
System with combined protection measure
In this combined protection method, the upstream check valve is closed in 10 s after pump trip while the downstream valve is also closed at the same time. In this case, it is rather difficult to find a proper closure rule of the downstream valve that can achieve both the downstream water hammer protection and the upstream vessel volume reduction concurrently. Therefore, the innovative air vessel arrangement is applied in this case.
The related parameters of the air vessels in the innovative arrangement are shown in Table 3 
Comparison of results
In Figure 6 and Table 4 . Accordingly, the required investment can be greatly reduced.
DISCUSSION AND ANALYSIS
In this section, the selection of the upstream air vessel volume is discussed, and the selection of the downstream valve closure rule is also studied.
In Table 5 Figure 7 indicates that, when a pump trip occurs, a larger volume of air vessel can relieve the pressure drop behind the pump better. As a result, the pressure drop due to pump trip propagating to the pipeline will not be relatively serious in Scheme c. If it is too large, the maximum pressure along the pipeline will exceed the limit. If it is too small, the minimum pressure will also go below the limit. Therefore, in this case, Scheme b is the most appropriate for the water supply project.
As shown in Figure However, it is also found that, if the difference between the upstream and downstream water level is small and the pipeline is relatively flat, it is rather difficult to obtain a proper closure rule of the downstream valve to achieve both the downstream water hammer protection and the reduction of upstream air vessel volume concurrently.
2. To accommodate the contradiction between the downstream water hammer protection and the reduction of the upstream air vessel volume in this combined method, an innovative air vessel arrangement is proposed and studied, which can make the combined method widely applicable and effective. For Scheme a, in order to avoid air leakage, the water depth differs from those of the other two schemes. 
